and industry (Boeing) feel an urgent need to solve the problem.
In order to fully assess the hazard, complete information is needed regarding such processes as the initial organization of the wake vortex sheet, the subsequent roll-up and generation of primary vortices, the descent and decay of the wake in a real atmosphere, and the response/control characteristics of the encountering aircraft.
Since wake vortex trajectories and strengths are altered radically by interactions with the ground plane and by atmospheric conditions, computational simulations have been focused on the viscous interaction between vortex wakes and the ground plane, including atmospheric effects such as stratification, wind shear and turbulence. An indepth understanding of the medmnisms that bring about wake transport and decay can provide information which could,enable the alleviation of airport Previously, most computational simulations have been two-dimensional or quasi-two-dimensional (e. g., Ref. 2, 4, 10, 11, [13] [14] [15] [16] [17] 
Substituting the expressions of _ and G and making use of the continuity 
Equation (4) is an exact equation for axial vorticity component.
For analytical study purposei here we assume that the axial flow deviation is small comparing with the flight speed, i.e., u' << 1. The equation that we obtain is
Now consider a single vortex case. We integrate Eq.
(5) throughout each y -z section, noticing that the area integration of axial vorticity is the total circulation at that section. It can be shown that the resultant equation for the total circulation (at certain x location) is:
All the integrations of the convection terms (in conservative forms) and diffusion terms are zero, due to the fact that the axial vorticity and its derivatives are zero at the infinite boundary. We also note that Eq. (6) reduces to Betz's first invariant _ if the axial velocity component is uniform in y-z plane and x is replaced by t/Uo. That is, for two-dimensional single vortex cases, d£_/dt = 0.
For the single vortex case, axi-symmetry can be assumed. Using cylindrical coordinates, Eq. (6) be-
where V0 is the tangential velocity of the vortex. Since we are trying to deduce the qualitative influence of the axial velocity profile on the vortex decay behavior, here we choose Raakine vortex to derive a theoretical relationship, without losing generality. In Raakine vortex,
when r < re, where re is the radius of the vortex core. Outside the vortex core, V0 follows potential 3 vortex velocity distribution.
Since most of the axial velocity deviation is inside the vortex core, both u' and Ou'/Or are approximated to be zero outside the vortex core. Substituting Eq. (8) into Eq. (7), we have
After integration by parts and re-arrangement, we obtain
It can be seen that the relationship between total circulation decay and the vortex core size change is depending on the axial velocity inside the core.
If the axial flow is wake type (u' < 0), when the circulation decreases, the core radius decreases. If the axial flow is jet type (u' > 0), the numerator in the fraction at the fight-hand side of Eq. (I0) is negative, while the denominator is still positive for u _ < 1. Thus, when the circulation decreases, the core radius increases.
Then we look at the relationship between maximum tangential velocity and the vortex core under the influence of axial velocity. Substitute the expression P_ = 2_rreVomaz into Eq. (10), we can have:
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Since u' < 1, the term in the parenthesis at the righthand side of Eq. (12) is always negative. Therefore, change of maximum tangential velocity is always in the opposite sense of change of vortex core radius, regardless what type of the axial velocity profiles (jet or wake). When the vortex core grows, the maximum tangential velocity decreases, which is the same case as in two-dimensional single vorte_ In Raakine vortex, the vorticity of the vortex can be written as It should be noted that the above relationship (i.e.
Eqs. (10), (12) and (14)) is valid under the condition that u' << 1 for a single vortex. However, it offers a guide line to estimate the influence of axial velocity profile.
Computational Model
In realistic wake vortex simulatbn for airport traffic control purpose, several effects have to be in- 
where + and -is corresponding to jet and wake type axial flows and c is a axial flow spreading coefficient in radial direction.
In the test cases here we chose u,_,x' =O.l and c= lO. 
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The axial velocity profiles are set as:
The initial circulation and flight speed are 550m2/s and 61.75m/s, respectively, which are close to a DC,-10 vortex wake. The initial re is chosen as 7rn. The initial height from the ground and .separation between the two vortices are 70m and 50m, respectively. The grid sizes are 1.75m in y -z plane and 4m in axial direction. The Smagorinsky turbulence model is turned off in the current runs, by using a very small coefficient with the term so that the viscous effect is mostly from the molecular viscosity.
Two test cases are shown in the following, one with a wake type axial velocity profile and the other with a jet type.
Since the crosswind effects are not included, the flow is symmetric in spanwise direction, thus only half of the flow field needs to be calculated. Since the vortex has a downward motion due to interactions between the two vortices in the vortex pair, vertical velocity component is not a good measure for vortex core size. The distance between the zero span-wise velocity contour and the minimum contour (the largest negative value) is used as the vortex core radius. We consider that way of quantifying the vortex cores reducing the influences from both the mirror vortex and the ground plane. Figure 4 shows • the y-z section contours of x-direction vorticity and
the v-velocity component at the first x plane, which is the same for both wake and jet cases. Figure 5 is for the' wake case at the last x plane and Figure  6 is for the jet case at the same plane. Note that the v contours and x-vorticity contours are not exactly at the same x location, because of the staggered grid used in the computation.
It can be seen that the maximum vorticity level decreases about 15.2% and the core size increases about 13.3% in the wake case, while in the jet case the maximum vorticity level decreases about 17.9% and the core size increases about 6.7%. In general, those two cases do not show significant difference.
We expect that if the domain size is longer in the axial direction, more difference will show.
It needs to be pointed out that at certain axial locations, the maximum x-vorticity level does increase a little, accompanied by very little increase in the core size in both jet and wake cases, which is in the opposite trend as predicted by Eq. : (14) . For example, between 316m and 348m, _= increases from 6.314/s to 6.339/s and the core radius increases from 7.6m to 7.75m in the jet case. In the wake case, between 388m and 420m, ¢'= increases from 6.4/s to 6.435/s and the core radius increases from 7.6m to 7.8m. However, such small changessca a hardly influence the overall vortex behavior.
The total circulation
should be used to verify Eq. (10), which is probably more interesting, because the sign of the axial velocity deviation changes the sign of the circulation/core-size relation. However, since the computation includes two vortices as well as the ground plane, total circulation for just one vortex is difficult to calculate and mostly not of interest for practical purpose.
Conclusion
The 
(2) 
